Amino acid sequencing of the membrane protein rhodopsin by the Hargrave and Ovchinnikov laboratories (4, 5) was a monumental step necessary to elucidate its membrane topology. This advance also constituted an early example of G protein signaling, a ubiquitous biological pathway just emerging at the time (6, 7) . Shortly following this discovery was the brilliant contribution by a graduate student, Jeremy Nathans, who cleverly used novel techniques in molecular biology and inherited deficits in human color vision to clone all visual pigments of the human photoreceptors (8) . This research helped later genetic investigations of inherited retinal diseases such as retinitis pigmentosa (9) and pathologies in color vision (10, 11) . Subsequent biochemical and biophysical studies greatly improved our understanding of how rhodopsin functions, but full details of its molecular arrangements and three-dimensional structure determined by X-ray crystallography were not reported until 2000 (12) . This breakthrough allowed for the generation of structural models for many other G protein-coupled receptors, and enhanced our understanding of how they bind ligands and interact with G proteins (13) . Cloning and crystal structures of other phototransduction proteins occurred concurrently (summarized in refs. 14, 15).
NOT Ca

2؉
, NOT cGMP, BUT cGMP AND Ca
2؉ AS THE "INTERNAL TRANSMITTER" OF PHOTOTRANSDUCTION
From light-activated visual pigments, the signal is transmitted by a chain of enzymatic steps that culminate in altered conductance of photoreceptor plasma membrane channels. Fesenko et al. (16) determined that these channels are regulated by cGMP and not directly by either Ca 2ϩ or the more ubiquitously employed cAMP cascade. This observation was consistent with biochemical studies that revealed events upstream of such regulation (17) . A flurry of activity then established the phototransduction mechanism in rods and cones, where an interplay of activation and regulation by Ca 2ϩ and cGMP play the dominant roles. It was also determined that the signal is terminated (quenched) by numerous events including receptor phosphorylation and capping with arrestin (18, 19) , enhancement of GTP-ase activity of G proteins by a regulator of G protein signaling (RGS; ref. 20) , and increased rate of production of cGMP by guanylate cyclase along with its regulation by guanylate cyclase-activating proteins (21) . The overall biochemical hypothesis was quantitatively verified by a combination of mouse genetics and physiology (reviewed in refs. [22] [23] [24] . Today, G protein signal transduction is among the best-understood transduction systems in all of biology, and insights into other signaling systems are based on its clarification (25) . These biochemical steps and their regulation comprise an adaptive mechanism that allows our vision to operate under a wide range of lighting conditions, ranging from a single photon to millions of photons per cell (reviewed in refs. 26, 27) . Arguably, photoreceptors may be the most extensively studied cells in our body.
DISCOVERY OF MELANOPSIN-EXPRESSING, INTRINSICALLY PHOTOSENSITIVE RETINAL GANGLION CELLS
In addition to the intense focus on the initial steps of vision, immense progress has been made concerning specific physiological functions associated with anatomically distinct classes of interneurons and general retinal synaptic circuitry. The technical advantage of controlled light that can be readily delivered, along with detailed analyses of rod and cone signaling pathways in the retina, helped to formulate a number of general rules for processing and computation of the initial light signal for the entire brain (28, 29) . Key insights into the separation of "on" and "off" signaling by rod and cone pathways throughout the retina have evolved. Three other fundamental physiological activities are regulated by these interconnected networks, namely additional photoreceptor adaptation processes for scotopic and photopic vision (30) ; mechanisms of contrast enhancement and movement detection (31) ; and circadian rhythm, wherein a subset of intrinsically photosensitive ganglion cells plays an integral part. Melanopsin, an invertebrate homologue of rhodopsin discovered by homology cloning, is expressed in photosensitive frog dermal melanophores (32, 33) . In mammals, orthologs of this visual pigment is present in a subset of vertebrate retinal ganglion cells. Additional studies proved that these retinal ganglion cells innervating the suprachiasmatic nucleus (SCN) of the hypothalamus are responsible for the photic entrainment mechanism (34, 35) . Unraveling the complexity of this system continues to be a highly challenging aspect of visual research.
MOLECULAR INSIGHTS INTO CHEMISTRY AND ENZYMOLOGY OF THE RETINOID (VISUAL) CYCLE
In addition to interneurons, another cell layer, the retinal pigment epithelium (RPE), is essential for our vision. The RPE, along with photoreceptors, is responsible for the continuous renewal of spent chromophore, 11-cis-retinal. George Wald wrote in 1935: "Vitamin A is the precursor of visual purple as well as the product of its decomposition. The visual processes therefore constitute a cycle" (36) . Branded the "visual cycle" or, perhaps more correctly, the "retinoid cycle," it comprises a set of enzymatic reactions that converts the all-trans-form of the chromophore back to 11-cisretinal. Numerous laboratories have contributed to our current molecular and structural understanding of this cycle, making it impossible to reference all of them here (reviewed in refs. 37, 38 ). Yet, the fundamental breakthroughs were the findings that a disabling mutation in the gene encoding the abundant RPE protein, RPE65, is associated with a congenital blindness called Leber congenital amaurosis (LCA; refs. 39, 40), resulting from the lack of 11-cis-retinal production (41) . The crystal structure of RPE65 has been recently determined (42) 
DATING THE BIRTH OF RETINAL NEURONS AND REGULATING ROD VS. CONE CELL FATE BY SPECIFIC TRANSCRIPTION FACTORS
The complexity of the visual system arises from timedependent specification of cell differentiation governed by a cascade of sequentially expressed transcription factors. These transcription factors regulate the expression of the structural and functional proteins characteristic of terminally differentiated retinal cells. Mutations in the Pax-6 gene result in a complete lack of eyes in mice (43) , humans (44) , and Drosophila (45), providing a new perspective on eye evolution and development across vertebrates. Amazingly, when Pax-6 was expressed in various thoracic imaginal disc primordia of Drosophila, ectopic eye structures were induced on wings, legs, and antennae (46) . Even more astounding, the ectopic eyes appeared morphologically normal and consisted of groups of fully differentiated ommatidia with a complete set of photoreceptor cells, suggesting that Pax-6 is the master control gene for eye morphogenesis. The list of involved transcription factors has grown over time as well as our knowledge of their complex roles in eye development. For example, discovery of the neural retina leucine zipper (NRL) gene (47) and thyroid hormone receptor ␤2 and subsequent reports that deletion of Nrl or Trb2 in mice resulted in the complete loss of rods or M-cones, respectively, accompanied by their transformation to S-cones (48, 49) shed light on the differential development of rod vs. cone photoreceptor cells. These contributions have had an impact far outside of retinal research, becoming classic examples in developmental neurobiology.
ADVANCEMENTS IN TREATING HUMAN DISEASE
In the past 25 yr, clinicians have been empowered with tools to recognize certain genetic defects in the visual system and a few therapies that allow for the prevention of visual deterioration or the restoration of vision in patients who a few decades ago were destined to develop blindness. More than 200 gene loci linked to human and animal eye (mostly retinal) diseases have been identified. This progress has resulted primarily from painstaking advances in visual research at a basic science level.
Transgenic mouse models of retinal degeneration not only provide information about the function of ocular genes but also lead to strategies that can be tested for treatment of inherited and acquired human retinal diseases. For example, such studies led to recognition of the centrosome-cilia-outer segment connection as a major defect not only in inherited retinal/ macular diseases, but also in multiple syndromic diseases affecting cochlea, olfaction, cerebellum and kidney. An important "proof-of concept" example was the rescue of the visual defect in LCA animal models with disabled Rpe65 or another gene called Lrat by either gene transfer or artificial retinoid replacement therapy (50, 51) . These studies have now moved to clinical trials with the potential of restoring vision to humans affected by this devastating disease. Encouraging results of the first human trials were recently reported (52) (53) (54) . Other promising new advances should follow in areas such as transplantation of RPE, photoreceptors and possibly stem cells into degenerating retina. Such progress will be gradual as more basic science knowledge is required before such procedures become specific treatments for blinding disorders. Additional gene therapy vectors need to be developed to target gene expression to specific classes of retinal cells to achieve a better understanding of the involved pathology and fundamental biology. There is hope that new-generation vectors will be effective when delivered intravitreally and will not involve detaching the fragile and diseased retina as is now required (Fig. 1) .
Another basic observation that befit ophthalmology was the discovery that elevated VEGF correlated with neovascularization, ultimately causing blindness in diabetic retinopathy (55, 56) , retinopathy of prematurity (57) , and the wet form of age-related macular degeneration (AMD; ref. 58 ). Introduction of a neutralizing Fab fragment of an antibody with its activity against VEGF in a drug called ranibizumab, introduced by Genenetech Inc., has improved the treatment of wet AMD in particular (59 -61) . So, now the wet form of AMD may actually respond to treatment.
AND NOW WE ARE READY FOR THE NEXT 25 YEARS!
I am very confident that progress and discovery in vision research from many laboratories will continue at an even greater pace than before. The visual system that converts a physical stimulus into biochemical/ chemical language has fascinated scientists for decades. Many secrets of this system remain to be revealed, and, no doubt, their solution will pave the way for intellectual and technical advances in other areas of biology. For example, elucidation of proteins and genes involved in ciliogenesis, disc morphogenesis, and vectorial transport is likely to be accomplished within a few years. The primary foci will then be on disease mechanisms and the structural biology aspects related to vision. Progress will involve combining genetics and genomics to high-and low-resolution cell biology methods to take us from atoms to whole neurons, thereby facilitating structural understanding of molecular events underlying vision.
Advances are definite, especially in genetics, because of established predispositions to complex retinal diseases such as AMD combined with the development of improved gene-and cell-based therapies. As molecular targets are identified, pharmacology should yield novel treatments for vision adversely affected by a single gene defect or multifactorial diseases such as AMD or glaucoma. Immunological studies have clarified our understanding of the progression of AMD and other retinal diseases, and we now have the potential to reveal triggers of this pathology, and reveal the opportunity for additional treatments. Is AMD primarily a chronic inflammatory disease or just a secondary manifestation of other pathological triggers? Much more must be learned. Still in its infancy is our understanding of the development and maintenance of retinal cells and gene regulatory networks controlled by diverse signaling pathways, transcriptional regulatory proteins and noncoding RNAs (such as microRNAs), or continuous renewal of photoreceptor outer segments after phagocytosis. Transgenic animals and their use for basic science and preclinical applications, gene profiling, high throughput sequencing, embryonic and induced pluripotent stem cell technology, and other methodologies will provide us with truly remarkable advancements in vision research.
So, keep your eyes open for advances in vision research! There's more to come that will transform bench research into successful therapy for human disease conditions. As George Wald wrote, "A scientist should be the happiest of men!" because one can accomplish seemingly unattainable aims in just a decade or so.
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